Highlights:
49
To date, many studies have been conducted to evaluate the direct radiative effect of dust aerosol using radiation 
127
The parameterization for condensation and immersion freezing in the aerosol-aware Thompson 
148 where , , , and are constant coefficients equal to 0, 1.25, 0.46, and -11.6, respectively. The calibration factor
149
ranges from 1 to 6, and is recommended to be 3.
150
The number concentration of INP produced by the DeMott2015 scheme is much higher than that produced by the
151
DeMott2010 scheme, and the difference grows larger with decreasing temperature and increasing number 152 concentration of ice-friendly aerosols (DeMott et al., 2015) . As the DeMott2015 scheme has been examined using 153 more comprehensive field-and laboratory-experimental data, we apply the DeMott2015 ice nucleation scheme in the
154
GOCART-Thompson microphysics scheme to be implemented, instead of the DeMott2010 scheme, in the default 155 aerosol-aware Thompson-Eidhammer microphysics scheme to simulate the ice nucleation involving dust.
156
Originally, the calibration factor is set to be 3; the threshold temperature is set to be -20 °C. The ice nucleation calculated by DeMott2015 scheme; when RHw is below 98.5%, it is treated as deposition nucleation, and determined 
161
In addition, the freezing of deliquesced aerosols using the hygroscopic aerosol concentration is parameterized
162
following Koop et al. (Koop et al., 2000) , with the background aerosol concentration set to be 1 /L. For the Thompson- 195
where C(i, j, k, n) is the dust mass mixing ratio (μg/kg) for size bin n at grid point (i, j, k). Summing up the aerosol
197
number concentrations through all of the size bins gives a total dust number concentration, which will be passed into 
206
Instead of reading in the pre-given climatological aerosol data, the initialization module of the Thompson-Eidhammer 207 microphysics scheme was modified to apply the bulk number concentration of ice-friendly aerosols produced by the
208
GOCART aerosol model for the calculation of the number concentration of ice nucleating particles.
209
After the microphysical processes are finished for a particular time step, the tendency of the bulk aerosol number 210 concentration ( , #/kg/s) produced by the microphysics scheme is then passed into a wet scavenging scheme, 211 which will be described in detail in the following subsection, for the model to calculate the loss of aerosol mass due
212
to the microphysical processes within clouds, and update the aerosol mass field.
In-cloud wet scavenging
into WRF-Chem to calculate the loss of aerosol mass due to the microphysical processes within clouds using the 217 tendency of aerosol number concentration produced by the microphysics scheme. Assuming that the collection of dust
218
particles is proportional to the number concentration of dust particles, the fraction of dust particle for each size bin
219
(φ, %) can be calculated in the GOCART aerosol model:
221
The tendency of ice-friendly aerosol is then distributed into each size bin and the loss of dust mass due to the 222 microphysical processes (wetscav, μg/kg) for a particular size bin n is calculated by the following equation:
where dt is the time step for the simulation.
225
The mass mixing ratio (C, μg/kg) for dust aerosol in a particular size bin n is then updated at the next time step:
227
Apart from the in-cloud scavenging, the below-cloud wet removal is calculated by the default wet deposition scheme 
300
To retrieve aerosol information over bright surfaces, the Deep Blue algorithm was developed to employ retrievals 301 from the blue channels of the MODIS instruments, at which wavelength the surface reflectance is very low, such that 302 the presence of aerosol can be detected by increasing total reflectance and enhanced spectral contrast (Hsu et al., 2006).
303
By applying this algorithm, the AOD values at wavelengths of 214 nm, 470 nm, 550 nm, and 670 nm over bright 304 surfaces can be retrieved. In this study, the MODIS level 2 AOD data at 550 nm with a spatial resolution of 10 km
305
were used for comparison with the simulated AOD during the simulation period. 
314
The atmospheric IWC is derived from the observational cloud extinction coefficients at 532 nm (Winker et al., 2009 ).
315
In this study, the vertical profiles of CALIPSO IWC with a horizontal resolution of 5 km and vertical resolution of 60 316 m were applied to verify the performance of the model in simulating the vertical distribution of atmospheric IWC. 
327
The number concentration of dust particles over East Asia were vertically integrated to obtain the number density of 328 dust particles. As shown in Figure 2b , the time series of the daily average number density of dust particles over East
329
Asia during the simulation period shows a similar distribution as that for dust load; the noteworthy distinction between 
347
The performance statistics were computed from the daily average simulated PM10 concentration from DUST and the
348
corresponding observations, as shown in Table 1 . The model tends to produce lower surface PM10 concentrations than 
368
SACOL (Figure 4b ) is a site located in Lanzhou, Gansu Province, which is a typical downwind area for dust in China.
369
The model showed a good performance in reproducing the time series of AOD at SACOL during the entire simulation 370 period, with evolution and magnitude of AOD well captured. 
383
The spatial patterns for the mean simulated AOD were similar to the observed values in both months but closer to 
402
all model grids at hourly intervals) from CTRL and DUST during the entire simulation period.
403
As expected, the model produces a much higher cloud ice mixing ratio ( Figure 6a ) and ice crystal number 404 concentration (Figure 6b ) in DUST. The simulated cloud ice mixing ratio produced in CTRL is lower than 2 μg/kg at 405 most data points during the simulation period, whereas the data points with simulated ice mixing ratio higher than 2 406 μg/kg are substantially increased in the output of DUST. Similarly, the simulated ice crystal number concentration 407 produced in CTRL is lower than 0.5×10 6 #/kg at most data points during the simulation period, by contrast, the 408 simulated ice crystal number concentration number concentration is higher than 0.5×10 6 #/kg at over a half of total 409 data points in DUST. The substantial increase of simulated cloud ice mixing ratio and ice crystal number concentration
410
indicates that the enhancement of ice nucleation process induced by dust is successfully reproduced by the newly-implemented GOCART-Thompson microphysics scheme during the simulation period.
The spatial distributions of the simulated IWP and ice crystal number density from CTRL and DUST in Figure 7 415 further demonstrate the enhancement in cloud ice due to dust over East Asia. The IWP produced by CTRL was lower than 1 g/m 2 over the entire East Asia Region (Figure 7a) . After considering the effect of dust in the ice nucleation 417 process, the IWP produced by DUST increased substantially over the entire region, especially over dust sources and 
423
The IWP and ice crystal number density were increased by more than one order of magnitude over vast areas of East
424
Asia upon considering the effect of dust in the ice nucleation process in the simulation, and such effect can reach as 
434

IWC during dust events
435
The vertical profile of the simulated IWC was also compared with the observation from CALIPSO during dust events.
436
As mentioned in section 5.1, a total of four dust events occurred during the simulation period, lasting from March 18 
450
The simulated dust load over East Asia at 06 UTC on March 21, 2012 is shown in Figure 8a , in which the dust covered 
503
6.3 Sensitivity test and discussion
504
As discussed in Section 6.2.3, the simulation of cloud ice is greatly improved by considering the enhancement of ice 505 nucleation process induced by dust, which is well captured by the GOCART-Thompson microphysics scheme.
506
However, the IWC is still underestimated by the model during dust events. To determine the reason for this limitation, 
515
The mean profiles of IWC from simulation results were compared with the CALIPSO observations for the dust events 516 discussed in Section 6.2.2 and 6.2.3, as shown in Figure 11 . For the cases on March 21 and April 1, changing did For the case on April 9, the simulated IWC increased between 6 km and 9 km and was closer ro the observed profile 519 when was equal to 4 and 5; however, when was set to 3 and 6, the simulated IWC was lower than that obtained 520 with values of 4 or 5.
521
For the case on April 23, two peaks were observed in the profiles of simulated IWC, located at 7 km and 10 km. The 522 simulated IWC remained unchanged with values varying from 3 to 6 for the peak at 10 km, but increased upon 523 changing the from 3 to 4, and remained the same upon changing the from 5 and 6 for the peak. The peak of the 524 simulated IWC at 7 km should correspond to the observed peak between 6 km to 8 km, which was slightly 525 overestimated by the model.
526
In summary, increasing the calibration factor from 3 to 6 does not necessarily lead to a significant variation in the 527 simulated IWC during dust events, and the model achieves a relatively better performance in reproducing the profile
528
of IWC when the is set to 4 or 5.
529
As ice nucleation occurs only in a super-saturated atmosphere with respect to water vapor, the ice nucleation process 530 would be terminated in the GOCART-Thompson microphysics scheme when the environmental RHi is lower than the 531 threshold RHi, which was set to 105% for the simulations in this study. The consistency in the simulated IWC with 532 increasing for the cases in Figure 11 indicates that in these cases, the environmental RHi had already reached below
533
105% when was set to 3, meaning that the water vapor available for freezing into ice crystals has been consumed 534 up with equal to 3, therefore, increasing could not lead to a further increase in simulated IWC. Given the above,
535
lowering the threshold RHi might result in an enhancement of the ice nucleation process as well as the simulated IWC, 536 which will be discussed in the following section.
538
Threshold of relative humidity
539
In this study, the threshold relative humidity to trigger the ice nucleation process in the simulation was originally set 540 to 105%, which was selected for the central lamina condition in the laboratory experiments to derive the DeMott2015 particles starts to rise when the relative humidity exceeds 100% (DeMott et al., 2011). Therefore, a sensitivity 543 experiment was carried out to investigate the response of simulated IWC to lower threshold relative humidity.
544
The mean profiles of IWC from the simulation results were compared with the CALIPSO observations for the 545 aforementioned dust events, as shown in Figure 12 . With the threshold relative humidity lowered to 100%, the 546 simulated IWC showed an increase throughout the vertical profile with the most significant increase at the peaks,
547
suggesting more consistency with the observations for all of the dust events, except the one on April 1. In the case on
548
April 1, the simulated IWC increased at lower altitudes than the observed peak, but slightly decreased right at the peak 549 with lowering the threshold relative humidity to 100%. Overall, the simulation of IWC during dust events was 550 significantly improved by lowering the threshold relative humidity from 105% to 100%. 
564
The effect of dust on the ice nucleation process was then quantified and evaluated in the GOCART-Thompson 565 microphysics scheme. Upon considering the effect of dust in the simulation, the simulated ice water mixing ratio and 566 ice crystal number concentration over East Asia were one order of magnitude higher than those simulated without 567 dust, with the most significant enhancements located over dust source regions and downwind areas. 
576
Sensitivity experiments revealed that the simulated IWC was not very sensitive to the calibration factor defined in the
577
DeMott2015 ice nucleation scheme, but the model delivered a slight better performance in reproducing the IWC when 578 the calibration factor was set to 3 or 4. However, the simulated IWC was sensitive to the threshold relative humidity
579
to trigger the ice nucleation process in the model and was improved upon lowering the threshold relative humidity 580 from 105% to 100%.
582
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